We analyzed the contributions of clouds, turbidity, and tides to variations in irradiance and predicted benthic primary productivity on a coastal coral reef over a period of 2 yr (2001)(2002). At 1.5 m below lowest astronomical tide (3.8-m tidal range), attenuation by suspended solids (turbidity) accounted for 74-79% of the total annual variation in irradiance, clouds for 14-17%, and tides for 7-10%. With increasing depth, the contribution from turbidity to irradiance variation increased asymptotically toward 95%. Fourier (spectral) analyses indicated that the benthic irradiance regime followed strong 8-week periodicities and weaker 2-4-week periodicities. The 8-week cycle was driven primarily by turbidity and secondarily by clouds and matches the periodicity of the intraseasonal Madden-Julian atmospheric oscillation. The weaker 3-4-week irradiance cycle was driven by turbidity; the 2-week cycle was driven by tides and, to a lesser extent, clouds. Comparisons of the benthic irradiance pattern with predictions of physiologically optimal irradiance levels (parameter E k ) for the coral Turbinaria mesenterina suggested that corals at the site alternate between states of potential light limitation and light stress, with a 2-8-week periodicity caused mainly by variations in turbidity. The effect of external sources of light reduction, such as episodic runoff events, on the energetics of benthic primary producers is likely to vary critically with the timing of such events.
Light is the primary resource for most of Earth's biological communities and provides the basis for the high productivity of tropical coral reefs (e.g., Barnes and Chalker 1990; Hatcher 1990 ). In aquatic environments, variations in the light field occur in both space and time, driven by patterns of cloud formation (Wright 1997 ) and concentrations of suspended or dissolved matter (e.g., see review by Kirk 1994) . Variations in the light field above and below the water clouds (Wright 1997; Mumby et al. 2001) , which affect patterns of surface irradiance, particularly in wet, tropical regions; (3) transmittance through the water column, which depends on the optical properties of the water, most notably turbidity (van Duin 2001) ; and (4) tides, which can vary in range up to 14 m (Pond and Pickard 1983; Kleypas 1996) and which affect the depth of the water column and the amount of light transmitted to the benthic habitat. Variation in clouds can be considered a series of episodic events superimposed on a seasonal component (e.g., Wright 1997) . Variation in turbidity is likely to follow a similar pattern because turbidity in many coastal environments is caused mainly by resuspension of bottom sediments through wave action (Larcombe et al. 1995) and thus episodic weather events. Conversely, tides follow a more systematic and predictable astronomic cycle (Allen 1997 ). Although such examples are intuitive, the combined effect of variations in clouds, turbidity, and tides on the weekly to monthly light variation is unknown for most coastal benthic habitats. Similarly, the individual relative contributions of these environmental factors to the temporal pattern of benthic irradiance have not been quantified, and the question remains as to how they interact. If light availability for benthic communities shows multiple periodicities, it will have consequences for temporal patterns of primary productivity, light stress, or both. Furthermore, in particular habitats in which light periodically becomes limiting for growth (e.g., in deep and turbid waters), the effect of external sources of light reduction on the health or stress status of benthic primary producers might depend critically on their timing relative to the natural irradiance pattern.
The purpose of this study was to examine the relative contributions of clouds, turbidity, and tides to the temporal variation in photosynthetic irradiance reaching subtidal reef benthos on a coastal, turbid-zone reef in the Great Barrier Reef lagoon (Queensland, Australia) . Using predictions of subsurface irradiance over 2 yr, we analyze whether significant cyclical patterns of irradiance result from interactions between the above environmental factors. Furthermore, with a dynamic photosynthesis-irradiance model, which formally accounts for photoacclimation, we analyze the effect of the benthic irradiance pattern on temporal patterns of potential light limitation and light stress (photoinhibition) of primary producers with the use of photosymbiotic reef corals as a case study.
Methods
Study location-Cleveland Bay (Fig. 1 ) is a shallow, north-facing embayment of around 320 km 2 in area, relatively protected by Cape Cleveland from southeasterly trade winds that persist for the dry season of April-November and produce a regional northward longshore current and associated swell waves (e.g., Larcombe et al. 1995) . Despite the regional dominance of the trade winds, Cleveland Bay is also influenced by northeasterly sea breezes that develop in the afternoon (e.g., Australian Bureau of Meteorology 1995). The wave climate within Cleveland Bay reflects the regional southeasterly-generated waves from the Great Barrier Reef continental shelf (Larcombe et al. 1995) , which are refracted off Cape Cleveland into the bay with a mean period of 4.9 s and average significant wave height of 0.66 m (Department of Environment 1997) . In Cleveland Bay, at depths of 5 m, resuspension of bottom sediment by waves occurs on an estimated 220 d yr Ϫ1 (Orpin et al. 1999) , producing near-bed suspended sediment concentrations in excess of 20 mg L Ϫ1 . Tides are dominantly semidiurnal, with a strong diurnal inequality. A more complete overview of the oceanography of Cleveland Bay is summarized in Larcombe et al. (1995) . We recorded benthic irradiances during 2-3-month periods on a west-facing reef slope in Cockle Bay (Magnetic Island) in the northwestern part of Cleveland Bay.
To determine the relative contributions of clouds, turbidity, and tides to the variation in light availability for reef benthos, we analyzed data on surface irradiance, benthic irradiance and associated light extinction, and tides for Cockle Bay for 2001 and 2002. All variables used in this paper are given in Table 1 . Specifically, five data sets, model predictions, or a combination of both were used in the analyses: (1) observed surface irradiance (insolation), (2) estimated daily insolation maxima (cloudless skies), (3) light attenuation through the water column during three 2-3-month periods, (4) observed tidal changes, and (5) predicted longterm light attenuation patterns estimated from measured local wind speed and direction. As a basis for determining the relative contribution of each factor (clouds, turbidity, tides) to the pattern of irradiance variation near the benthos, irradiance patterns were compared under four environmental scenarios: (A) cloudless skies, (B) cloud variation, (C) turbidity and cloud variation, and (D) cloud, turbidity, and tidal Table 2 ). The variance contribution from individual factors was then obtained from the difference in daily irradiances between two scenarios. We construct these scenarios in the following sections.
Effects of clouds:
Observed versus maximum surface irradiance-Data on half-hourly surface irradiance (E S ) for Cleveland Bay were obtained from the joint Great Barrier Reef Marine Park Authority-Australian Institute of Marine Science weather station (19Њ9ЈS, 146Њ53ЈE) located ϳ10 km from Cockle Bay (Fig. 1 ) and converted to daily average irradiances (Ē S ). Because we used daily averages, hourly variation in clouds between the field site and the weather station was averaged during the day. Surface irradiance data for periodic deployments of surface loggers at the field site were consistent with those of the weather station (Ͻ5% variation in daily irradiances). To determine the relative light extinction by clouds and its temporal pattern, we compared Ē S (scenario B, Table 2 ) with insolation expected in the absence of clouds (Ē , scenario A). Models for predicting maximum Ј S insolation at a given geographic location are presented in Kirk (1994) . For simplicity, we estimated Ē empirically by Ј S determining insolation maxima within 2-week windows (i.e., rolling maxima). The effect of clouds on surface irradiance as a function of time was then estimated as the difference between the insolation maximum during the 2-week window and observed insolation at a given day (Ē Ϫ Ē S ; see Table  Ј S 2). The method is appropriate in areas where clouds are absent most of the time and might, in this study, underestimate maximum insolation only slightly.
Effects of turbidity-Irradiance (daily average) as a function of turbidity and water depth was estimated with Lambert-Beer's law
where Ē 0 is the average irradiance immediately below the surface on a given day, z is the average water depth (m), and k D is the average extinction coefficient for irradiance within the photosynthetically active range (PAR, 400-700 nm). Suspended sediment is the major contributor to light attenuation in Cleveland Bay (Ridd unpubl. data) , which justifies the use of a unique irradiance attenuation coefficient (van Duin 2001) . The relative role of seasonal phytoplankton variability in light extinction was assumed to be of minor importance because chlorophyll concentrations rarely exceed 4 g L Ϫ1 in the Great Barrier Reef lagoon (Brodie et al. 1997) . Although the specific irradiance extinction coefficient of chlorophyll is higher than that of inorganic particles (van Duin 2001), concentrations of suspended sediment in Cleveland Bay are several orders of magnitude higher than chlorophyll concentrations at all times (Muslim and Jones 2003) . We estimated Ē 0 from Ē S after adjustment for surface reflectance (R), which was estimated from data by Austin (1974;  for details, see Web Appendix 1, http://www.aslo.org/lo/toc/ vol49/issue6/2201a1.pdf). Transmittance through the surface was thus calculated as 100% Ϫ R, and Ē 0 was estimated as E S (t)(100% Ϫ R). The accuracy of surface transmittance estimates was of secondary importance because our primary focus was to study temporal patterns of benthic irradiance variation rather than to determine absolute benthic irradiance.
Long-term estimates of Ē (k D , z) were obtained by a threestep approach. First, benthic (downwelling) irradiance was recorded continuously (half-hourly) during three periods of 2-3 months during the 2 yr (2001) (2002) . Second, patterns of light attenuation were estimated for the entire period by a predictive model of k D as a function of local wind data, calibrated against the three periods of observed k D . On inshore fringing reefs along the Queensland coast, the variation in turbidity is primarily governed by regional wavedriven resuspension, augmented to some extent by tides and currents (Larcombe et al. 1995; Orpin et al. 1999) . Third, subsurface irradiance as a function of k D and depth was predicted for the 2-yr period by Eq. 1 and the parameter values obtained in step 2.
Empirical k D data for Cockle Bay were obtained as light extinctions through the water column, measured by automated data loggers (Model 392, DataFlow Systems) at the water surface and on the seabed (1.5 m below lowest astronomical tide, LAT). The light sensors were cosine corrected, measuring within the 400-700-nm wave band (PAR), and calibrated against a manufacturer-calibrated Li 192S sensor (Licor) above or below water. The sensor on the seabed was equipped with an automated sensor wiper (Ridd and Larcombe 1994) to prevent biofouling. Tidal predictions for Townsville were obtained from the National Tidal Facility (Flinders University) and used to calculate the distance from the surface to the bottom sensor as a function of time of day. To maximize the accuracy of k D estimates obtained by transmittance of natural sunlight, we used irradiance data within the 2-h window around noon, during which irradiance is maximized and reflectance is minimized (Ͻ5%; Kirk 1994) . By rearrangement of Eq. 1 and by parameterization of variables by time of day (t), k D was estimated as in Eq. 2.
For the purpose of analyzing day-to-day variations in irradiance attenuation, we assumed that midday k D (t) values approximated daily averages (i.e., k
To test whether estimates of k D obtained from two-point irradiance measurements could be used to predict irradiances at intermediate depths with adequate precision, we measured the vertical profile of downwelling irradiance (PAR) using an array of five light loggers suspended between the surface (ϳ0 m) and the seabed at the foot of the reef slope (ϳ5 m below LAT). Vertical irradiance profiles were recorded on four separate sampling occasions (continuous logging during 4-h periods around noon) to represent varying turbidity regimes. Long-term predictions of k D (and by inference, concentrations of suspended particles) in Cockle Bay were modeled as a function of wind speeds obtained from the nearby weather station in Cleveland Bay (Fig. 1) . Resuspension of bottom sediments is a power function of current speed and wave height (Wright 1995) , which in turn are functions of wind speed. To account for the lag time between the onset of a wind event and the buildup of waves, as well as the residence time of particles in the water column following resuspension, we constructed our model as a power series. The daily average attenuation coefficient (k D ) of a given day (T) was thus modeled as
where Ū is the wind speed averaged over the previous 24 h; U m is the maximum observed wind speed (set to 20 m s Ϫ1 ), which was used to nondimensionalize the wind effect; T is time (days); k 0 , k 1 , and k n are coefficients (m Ϫ1 ) that determine the influence of present and past wind speeds on the present k D level; b is an exponent; and k D-base is the baseline attenuation. Preliminary analyses indicated that adjustment for wind direction did not increase the precision of the model for Cockle Bay. However, wind direction does affect wave regime (and thereby turbidity regime) differently between locations, depending on local geomorphology, bathymetry, and hydrodynamics (e.g., see Allen 1997) . Also, tidal flows have only a minor influence on resuspension in the study area (Larcombe et al. 1995) and were not formally included in the model. To rigorously examine the precision and robustness of the model, Eq. 3 was first calibrated against the observed k D values of the first two data blocks (n ϭ 251 d) and then evaluated with the third data block (n ϭ 63 d). The calibration was conducted with the use of iterative, nonlinear estimation (Statistica 2001, ver. 6.1, StatSoft Inc.), which produced value estimates and standard errors for each parameter. To evaluate the model, we used the parameter estimates for the calibration to produce predicted values for the third data block and then compared the distributions, means, and variances of k D residuals from the evaluation against those from the calibration. Daily benthic irradiance averages as a function of depth (z) and k D for a given day were then obtained by Eq. 1. Confidence ranges for benthic irradiances were estimated by Monte Carlo analyses in which the parameters of Eq. 3 were sampled randomly (1,000 replicate runs) from within their normal distributions (Ϯ1 SD of the parameter estimate obtained with the use of the k D model calibration).
To estimate the effect of turbidity variation on the temporal pattern of irradiance for the reef benthos in Cockle Bay, we compared two scenarios: (C) predicted irradiances at 3.4 m depth under variable turbidity and (B) predicted irradiances at 3.4 m depth at constant k D (annual average of 0.385 m Ϫ1 ). The time series of differences (residuals) between these two scenarios provided a basis for estimating effects of turbidity on the temporal variation in irradiance (Table 2) .
Effects of tides-Lunar days are ϳ50 min longer than solar days (e.g., Wright 1995) so that the effect of tides on the daily influx of light in the benthic habitat gradually intensifies and weakens over cycles of ϳ2 weeks. Superimposed on these short-term periodicities in light regime are springneap tidal cycles. Moreover, on a longer timescale, the variation in heights of spring and neap tides is governed by the vernal and autumnal equinoxes (Allen 1997) . The maximum tidal range for Magnetic Island is 3.8 m, which is intermediate for locations along the Queensland coast. To determine the contribution of tidal regime to the variation in irradiance at 1.5 m below LAT plus tidal variation, we used the tidal predictions for years 2001 and 2002 for Townsville (National Tidal Facility, Flinders University) as an input variable into Eq. 1. The time series of differences (residuals) between irradiance predictions at constant depth (annual average of 3.4 m) and variable depth (1.5 m ϩ variation in tides) was used to analyze the effect of tides on irradiance variation (scenarios C and D in Table 2 ).
Data analysis-The generated irradiance predictions were analyzed in three different ways. First, the relative contribution from each factor (clouds, turbidity, and tides) to the temporal variation in benthic irradiance over the year was determined as the mean squares (variances) of the differences (residuals) between each pairwise comparison of the four scenarios (i.e., A-B, B-C, and C-D in Table 2 ) divided by the mean squares of the total residuals (scenarios A-D, see Table 2 ). Mean squares (MS) of the residuals for the comparison of scenario A versus B, for example, were calculated as ⌺(A i Ϫ B i ) 2 /n, where i denotes time (day) and n is the total number of days. Thus, the variance contribution from clouds (V Clouds ), turbidity (V Turbidity ), and tides (V Tides ) were
where the sum of the three variance components equals 1. Confidence ranges for the variance contributions were estimated by Monte Carlo analyses (see Methods: Effects of Turbidity). Second, to evaluate the role of each factor in the periodicity of the benthic irradiance pattern, the time series of irradiance differences (residuals) between scenarios A versus B, B versus C, and C versus D were all subjected to Fourier (spectral) analyses (see Bloomfield 1976; Priestley 1981; Shumway 1988) with the use of the time series module in Statistica (ver. 6.1). This provided a means of assessing the relative strength of periodicities, indicated by spectral densities in the data. Because the irradiance data set was limited to a 2-yr period, the results of Fourier analyses focused on intraseasonal periodicities only. Third, to compare the predicted temporal pattern in irradiance with the physiologically optimal irradiance of a selected group of benthic photosynthetic organisms in Cockle Bay, we estimated the variation in the dynamic subsaturation parameter (E k ) of the photosynthesis-irradiance response curve of the scleractinian coral Turbinaria mesenterina. The dynamic model describing the relationship between E k and irradiance variation in this species has been described and tested previously (Anthony and Hoegh-Guldberg 2003) . E k can be expressed formally as
where (Ē ) is daily average irradiance, T is time (days), and is a dimensionless coefficient characterizing the daily rate of change in E k (see Web Appendix 1) toward the predicted steady-state value given by Eq. 6.
E kMS is the maximum value obtained under maximum average irradiances (Ē max ഠ 800 mol quanta m Ϫ2 s Ϫ1 ) and ␤ 2 is an exponent. For T. mesenterina, ഠ 0.86 (see Web Appendix 1), which is high for benthic primary producers (Anthony and Hoegh-Guldberg 2003) and thus provides a conservative basis for analyzing to what extent current irradiance is suboptimal or supraoptimal. Daily average irradiances lower than the current E k potentially indicate light limitation, whereas irradiances higher than E k could lead to photoinhibition.
Rates of gross photosynthesis (P g ) parameterized by daily average irradiance and time (days) were predicted as
where P max (T) is the dynamic maximum rate of gross photosynthesis (see Web Appendix 1). To examine periodicities in rates of coral photosynthesis, the 2-yr predictions of Eq. 6 were subjected to Fourier (spectral) analysis (see Methods: Data Analysis).
Results
Effects of clouds on surface irradiance-The pattern of observed surface irradiances in Cleveland Bay showed large deviations from the 2-week rolling maxima, indicating strong variation in irradiance attributable to clouds (Fig. 2) . Episodically, observed insolation during summer was less than 20-40% of the rolling maxima, and for most of February 2001 (days 32-59), surface irradiances were Ͻ70% of the rolling maxima. The large drops in irradiance during the second half of February 2001 coincided with the passage of tropical cyclones Wylva and Abigail in the north Queensland area (www.bom.gov.au). The week-long 50-80% drop in surface irradiance during February 2002 was a result of widespread thunderstorms associated with an active monsoon trough. The observed patterns in insolation can almost certainly be attributed to variation in clouds and not to incidental fouling of the sensors because data patterns were consistent between the weather stations in Cleveland Bay and Cape Bowling Green Bay (located ϳ50 km apart). 
Effects of turbidity on patterns of benthic irradiance-
Nonlinear regressions of the repeated vertical irradiance distributions indicated that the irradiance attenuation coefficient of the Lambert-Beer equation (k D ) was estimated with high precision (Fig. 3) . Specifically, the model explained between 95% and 99% of the variation, and standard errors of k D were Ͻ5% of the parameter estimates.
Irradiance attenuation, and hence benthic irradiance, could be predicted relatively precisely from local wind data (Fig.  4) . Specifically, Eq. 3 explained 70% of the variation in k D of the first two data blocks (Table 3) . Variation in k D was best explained with the use of three wind speed coefficients (k 0 , k 1 , and k 2 ), beyond which additional coefficients became nonsignificant. A Kolmogorov-Smirnov test indicated that the residuals were normally distributed (p Ͼ 0.20), and their behavior indicated minimal structural bias of the model (Fig.  5A) . Importantly, the behavior of the residuals for the model evaluation (Fig. 5B , with predicted k D values based on the parameter estimates of the calibration) corresponded closely to those of the calibration. Specifically, a t-test followed by a Levene's test showed that the means and variances of the residuals did not differ significantly between the calibration and the evaluation (p ϭ 0.337 and p ϭ 0.201, respectively). These results demonstrate that the model is robust and capable of forecasting with acceptable precision.
Daily average irradiances at 1.5 m below LAT (mean water depth, 3.4 m), as predicted from patterns of surface irradiance (Ē S ), attenuation (k D ), and tides (Ē [k D , z]), varied by more than an order of magnitude and were less than 50-100 mol quanta m Ϫ2 s Ϫ1 for periods of up to 2 weeks (Fig. 6 ). For most days, irradiances incident on the benthos were Table 3 . Results of nonlinear regressions for observed (estimated) irradiance attenuation (k D ) in Cockle Bay versus wind speeds at a nearby weather station (see Fig. 1 In both cases, the residuals were normally distributed around the unity line, and the means and variances did not differ significantly between calibration and evaluation (see text for details). Ͻ30% of surface irradiances. The calculated standard deviations around the predicted benthic irradiances (by Monte Carlo analysis) were less than ϳ14% of the estimates, further indicating a relatively high precision of k D model predictions.
Variance contributions from clouds, turbidity, and tides-
Fluctuations in average daily irradiance resulting from turbidity were more than three times stronger than fluctuations resulting from clouds and 10 times those from tidal changes (Fig. 7) . Specifically, the partitioning of mean squares of the residuals for the three scenario comparisons indicated that turbidity, clouds, and tides accounted for around 76%, 15%, and 8% of the total predicted irradiance variation, respectively (Table 4) . On the basis of Monte Carlo confidence ranges (Table 4) , imprecision of the k D wind model parameters caused only around 3-13% uncertainty in the irradiance variance contributions for each factor. Separate comparative analyses of irradiance variance contributions with the observed and predicted k D values for the three data blocks only (see Fig. 4 ) further demonstrated concordance between model (Eq. 3) and data. Specifically, for these time windows, the variance contributions from turbidity (86.9%), clouds (7.5%), and tides (5.6%) estimated with observed k D values were well within the confidence range of the variance contributions estimated with predicted k D values: 80.1-89.0%, 6.3-11.1%, and 4.9-8.8%, respectively.
To investigate the effect of depth on the relative variance contribution from each factor, we generated additional simulations of irradiance for depths of 0-5 m below LAT. These analyses assumed that turbidities near the benthos at the reef flat and crest (near LAT) and at the foot of the reef slope (ϳ5 m below LAT) are similar to measured turbidities at 1.5 m depth below LAT. However, given equivalent sediment availability, sediment resuspension by a given wave energy is greater in shallow compared with deeper water (e.g., Wright 1995; Allen 1997) , and these predictions are likely to underestimate the effect of turbidity on light extinction in shallow water and vice versa in deeper water. Near LAT, the average predicted contribution from clouds, turbidity, and tides to the variation in irradiance was around 30%, 55%, and 15%, respectively (Fig. 8) . At 5 m below LAT, clouds and tides each contributed only around 3-4% to the irradiance variation so that with increasing depth, the variance contribution from turbidity increased asymptotically toward ϳ95%.
Irradiance periodicities-The periodic density pattern of irradiance residuals for clouds and turbidity separately (scenarios A-B and B-C, respectively) and for clouds, turbidity, and tides in combination (scenario A-D) indicated that the periodicities of clouds and turbidity were largely synchronous around the 8-week period but tended to be asynchro- Table 4 . Results of residual analyses for the comparison of the scenarios of clouds, turbidity, and tidal regime outlined in Table 2 . The analyses were based on the irradiance predictions (Eqs. 1, 3) for the full 2-yr period. Variance contributions from each factor were calculated with Eq. 4. Confidence ranges (Ϯ95%) were determined by Monte Carlo analysis and pertain specifically to the estimation error of the diffuse attenuation coefficient (k D , see text for details). . Changes in estimated relative contributions from clouds, turbidity, and tides to the variation in benthic irradiance with increasing depth below lowest astronomical tide (LAT). Average irradiance during the day (Ē (k D , z) ) as a function of irradiance attenuation (k D ) and depth (z) was predicted with Eq. 1, and variance contributions were calculated with Eq. 4. The prediction does not account for the enhanced effect of tides and resuspension in shallow water and assumes similar distributions of particles in water columns of varying height (depth). In clear-water habitats, the minimum variance contribution from turbidity is likely to be negligible compared with the prediction here for a turbid-zone reef (ϳ55%).
nous at shorter (3-4-week) periodicities (Fig. 9) . Fourier analysis of residuals for the effects of tides (scenarios C-D) produced distinct 2-week periodicities, as predicted from the difference in solar and lunar periodicities. However, because the amplitude of the residuals for turbidity was several times greater than those of clouds and tides, the overall pattern of irradiance residuals (scenarios A-D) was largely governed by variation in turbidity. Repeated Fourier analyses of the irradiance residuals after random rearrangement of the time series indicated that spectral densities at periods of 2, 3-4, and 8 weeks in the total irradiance pattern were significantly higher than maximum spectral densities expected from a random (white noise) time series (Fig. 9, dashed lines) .
Temporal patterns in predicted productivity-Estimated irradiances at 1.5 m below LAT in Cockle Bay fluctuated strongly around the predicted subsaturation irradiances (E k ) of the coral species T. mesenterina (Fig. 6) , indicating alternating periods of potential light limitation (Ē (k D , z) K E k ) and photoinhibition (Ē (k D , z) k E k ). The parameter E k in the dynamic photosynthesis-irradiance model is a key indicator of the state of photoacclimation (Anthony and Hoegh-Guldberg 2003) and provides a proxy for the optimal irradiance at a given point in time. During periods of thick cloud cover, high turbidity, or both, particularly in February and March/ April 2001 and February and May 2002, irradiances fell episodically to below a third of E k (Fig. 6) . Conversely, during periods of clear skies and low turbidity, irradiances were almost twice the predicted E k level. Over the year, E k varied by Ͻ25% because it was constrained by the kinetics of photoacclimation (Anthony and Hoegh-Guldberg 2003; see Web Appendix 1) .
Analyses of the 2-yr predictions of daily gross photosyn- Fig. 9 . Fourier (spectral) analyses of irradiance residuals for the four comparison scenarios in Fig. 7 . Spectral density is a measure of the number of adjacent frequency regions that contribute to the overall periodic behavior of the time series. The plots were generated with the use of the 30 highest spectral densities only. The dashed line indicates the maximum spectral density (confidence limit) determined from Fourier analyses of the time series after repeated, random reorganizations of the data (white noise). Note different scales on the y-axes. Fig. 10 . Fourier (spectral) analysis of predicted rates of gross photosynthesis (daily average) of a coral species (Turbinaria mesenterina) with the predicted irradiance data in Fig. 6 as the input variable. Rates of photosynthesis were adjusted for photoacclimation by the model of Anthony and Hoegh-Guldberg (2003) . thesis for T. mesenterina at 1.5 m below LAT showed strong 8-week periodicities (Fig. 10) , consistent with analysis of the irradiance residuals (scenario A-D). However, the strengths of the 3-4-week and 2-week periodicities in gross photosynthesis were relatively higher than in the irradiance data set. In particular, the strength of the 3-4-week periodicity was more than 65% of the 8-week periodicity. The relatively greater strengths of short periodicities in the photosynthesis data are mainly due to a reduction in photosynthesis variation over longer (e.g., 2-month) timescales as a result of photoacclimation (i.e., an absolute decrease in the strength of long periodicities).
Discussion
With the use of an inshore turbid-zone reef as a case study, our results demonstrate that daily irradiances at the seabed in coastal marine habitats can frequently fall to Ͻ10% of irradiance maxima for periods of 1-2 weeks. Benthic irradiances varied dramatically during the 2-yr study period and demonstrated strong 8-week and weaker 3-4-week periodicities, driven primarily by variations in irradiance attenuation by the water column (i.e., turbidity) and secondarily by changes in clouds. Tides produced a distinct 2-week irradiance periodicity, as predicted from the mismatch between solar and lunar cycles, and contributed significantly to the overall irradiance pattern. Previous studies of benthic irradiance have been at a range of timescales (e.g., Dunton 1994), but our work is the first to analyze intraseasonal cyclic patterns to quantify the relative contributions of the main environmental factors to the temporal variation in irradiance and to predict the associated patterns in benthic primary productivity.
The measured benthic irradiance field at the inshore, turbid-zone reef is characterized by high temporal variation on a timescale of days to a year. Variation in the irradiance attenuation coefficient because of turbidity contributed nearly 80% to the overall irradiance variation. Analyses of the variance components of the benthic irradiance pattern, however, indicate that the relative importance of clouds, turbidity, and tides depends strongly on the depth below LAT (Fig.  8) . By extending these analyses to other turbidity and tidal regimes, two generalizations emerge. First, given a similar cloud pattern, the variation in irradiance in shallow, clearwater habitats (e.g., oceanic reefs) will be driven mainly by clouds and will thus display considerably less irradiance variation compared with that of coastal habitats at a similar depth. In such cases, the variance contribution from turbidity to the benthic irradiance pattern will be significant in deep water only. Second, in areas with maximum tidal ranges greater than those of our study site (Townsville, ϳ3.8 m), the variance contribution from tides will be more significant and will covary with the variance contribution from turbidity, primarily because the irradiance attenuation coefficient (k D ) and water depth (z) form a product in Lambert-Beer's law (Eq. 1). The cyclical pattern in benthic irradiance driven by tides is consistent with the temporal productivity pattern observed for marine intertidal microphytobenthos (Serodio and Catarino 2000) . Furthermore, tidal currents, and thereby the resuspension of solids in shallow water, tended to increase in magnitude with tidal range (Wright 1995; Allen 1997) , thus strengthening the fortnightly irradiance cycleparticularly in shallow water. On the basis of the results of previous studies in the area (Larcombe et al. 1995) , however, we concluded that resuspension by waves is the key mech-anism driving turbidity patterns in Cleveland Bay and that tidal currents play a minor role. This is substantiated by the strong fit of the predicted irradiance attenuations to measured wind speeds ( Fig. 4; Table 3 ) and the associated model evaluation (Fig. 5) . The analysis of variance contributions from turbidity can be extended to include irradiance patterns in some lakes because mechanisms of resuspension are largely similar to those in coastal marine habitats (e.g., Bloesch 1995; Hamilton and Mitchell 1996; Weyhenmeyer et al. 1997) .
Comparisons of predicted benthic irradiance patterns with the subsaturation irradiance parameter of the dynamic photosynthesis model indicated that corals (specifically, T. mesenterina) at the study site fluctuate between states of potential light limitation and light stress (Fig. 6) . A high rate of photoacclimation (15% per day) for the coral T. mesenterina (Anthony and Hoegh-Guldberg 2003) provided a conservative baseline for estimating the degree to which benthic irradiances fluctuate between suboptimal and supraoptimal levels. During extended periods of high turbidity and extensive clouds, particularly during November-March, gross photosynthesis can be reduced to Ͻ30% of average rates for periods of weeks. Depending on rates of respiration and other carbon losses, net productivity could be strongly reduced during such episodes, potentially affecting survivorship. For example, the energy balance of corals in both deep and shallow water might be strongly reduced or negative during high-turbidity events (Anthony and Fabricius 2000; Anthony et al. 2002) . In deep, turbid-water habitats, light might limit net productivity most of the time, so that the timing of periods of enhanced growth versus energy deficit will depend primarily on the wind and wave regime (key factors causing resuspension) and secondarily on clouds and tides. Similar dependence of patterns of productivity on the transmission properties of the aquatic environment have been observed in other low-irradiance habitats, such as in Antarctic lakes (Moorhead et al. 1997) , where periodic ice and snow accumulation decreases light transmission to the water column. Conversely, during episodes in which clear water, low cloud cover, and midday low tides coincide, high irradiances can lead to light stress and photoinhibition of the benthic primary producers, including corals (Brown et al. 1999; HoeghGuldberg and Jones 1999) , macroalgae (Franklin et al. 1996) , and sea grasses (Ralph and Burchett 1995) . In photosymbiotic organisms, such as scleractinian corals (e.g., Dunne and Brown 2001) , soft corals (Michalek-Wagner and Willis 2001), tridacnid clams (Buck et al. 2002) , sponges (Fromont and Garson 1999) , and sea anemones (Perez et al. 2001) , extended periods of supraoptimal irradiances can lead to loss of symbionts (bleaching), which could adversely affect fecundity, growth, and survivorship (e.g., see review by Hoegh-Guldberg 1999) . Contrary to the irradiance data, the 3-4-week and 8-week periodicities in predicted rates of photosynthesis were of almost equal importance. The most likely explanation is that the relative strength of the 8-week irradiance periodicity is reduced because of photoacclimation. Specifically, with changing irradiance regimes on a scale of months, the photosynthesis-irradiance curve parameters (review by Falkowski and Raven 1997) will shift accordingly and thus buffer changes in productivity. However, on shorter timescales, photoacclimation is less significant because of limitations of its kinetics and because acclimation to frequent drops in irradiance are canceled out by acclimation to subsequent increases in irradiance (see Anthony and Hoegh-Guldberg 2003) .
A likely atmospheric mechanism driving irradiance variation as a result of clouds and wave-induced resuspension of sediment is the Madden-Julian oscillation (MJO). The MJO is the dominant mode of intraseasonal variability in the behavior of large-scale pressure systems (which drive cloud and wind patterns) in the tropics, with timescales of 30-50 d (Madden and Julian 1994; Hendon et al. 1999; Wheeler and Kiladis 1999) and thus could be the forcing mechanism explaining the 8-week periodicity in the turbidity (via resuspension) and cloud patterns.
Irradiance variation in coastal, turbid-zone benthic habitats is strongly driven by wind-induced resuspension, and the contribution from turbidity to the irradiance variation increases with depth. Accordingly, the irradiance variation in subtidal, turbid-zone habitats can be more than an order of magnitude greater than the irradiance variation in surface waters or in offshore, clear-water benthic habitats. The outputs of the dynamic photosynthesis model for the coral T. mesenterina suggested that benthic primary producers at the turbid-water site alternate between periods of potential light limitation (energy deficiency) and light stress (photoinhibition).
Intraseasonal patterns in clouds and suspended solids (the latter driven mainly by winds) showed strong 8-week periodicities and weaker 3-4-week periodicities. Tides produced a distinct 2-week periodicity in the irradiance pattern but were of lower magnitude than the 3-4 and 8-week periodicities. The 8-week periodicity reflects the temporal activity pattern of large-scale pressure systems in the tropics (Madden-Julian atmospheric oscillation).
